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Structure of a fluid dioleoylphosphatidylcholine bilayer determined

by joint refinement of x-ray and neutron diffraction data

lIl. Complete structure
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ABSTRACT We present in this paper the complete structure of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in the L, phase
(66% RH, 23°C) obtained by the joint refinement of neutron and x-ray lamellar diffraction data. The structural details obtained have
previously required a large number of neutron diffraction experiments using numerous specifically-deuterated phospholipid
isomorphs (Buldt et al., 1978. Nature (Lond.). 271:182-184). The joint-refinement approach minimizes specific deuteration by
utilizing independent neutron and x-ray data sets. The method yields a quasimolecular structure consisting of a series of
multiatomic fragments that are each represented by one or several Gaussian distributions whose positions and widths can be
determined to within 0.06 to 0.52 A exclusive of the methylene region. The image of DOPC at 66% RH (5.36 + 0.08 waters per lipid)
is consistent with many aspects of bilayer structure previously determined by structural and spectroscopic studies. The most
striking feature of the structure is the large amount of transbilayer thermal motion suggested by the widths and overlaps of the
Gaussian envelopes of the quasimolecular fragments. We discuss the “‘dynamic bilayer thickness’ which describes the minimum
effective thickness of the hydrocarbon permeability barrier in terms of the thermal motion of the water. A gradient of thermal motion
exists that increases in either direction away from the glycerol backbone which is the most constrained portion of the bilayer. The
steric interactions between headgroups of apposed bilayers, expected at the hydration level of our experiments, are clearly
revealed. A useful consequence of the quasimolecular structure is that average boundaries within bilayers calculated using
composition and volumetric data and ad hoc assumptions can be related to the positions of the principal structural groups. Several
measures of “bilayer thickness” in common use can be identified as the positions of the cholines for Luzzati's d, (Luzzati and
Husson. 1962. J. Cell Biol. 12:207-219) and the glycerols for Small’'s d, (Small. 1967. J. Lipid Res. 8:551-556). We do not know if
these relations will be true at other hydrations or for other lipids. Of particular interest is the fact that the position of the carbonyl
groups marks the average hydrocarbon/headgroup boundary. It must be emphasized, however, that this region of the bilayer must
be generally characterized as one of tumultuous chemical heterogeneity because of the thermal motion of the bilayer.

INTRODUCTION

We present in this paper the complete structure of a
liquid-crystalline (L, phase) bilayer formed from 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) as the

of each Gaussian describe the most probable location of
the center-of-scattering of each quasimolecular frag-
ment while the widths of the Gaussians provide esti-

culmination of our recent investigations of methods for
maximizing the information obtainable from lamellar
diffraction data from thermally disordered bilayers. Two
earlier papers established the theoretical foundations of
what we refer to as “liquid-crystallography”. The first
(Wiener and White, 1991a) examined critically the issue
of resolution in membrane diffraction and the role of
appropriate models in structural refinement. Quasimo-
lecular models (King and White, 1986) that represent
the liquid-crystalline bilayer in terms of a series of
multiatomic Gaussian distributions were shown to pro-
vide a physically meaningful real-space representation
of the distribution of matter in the bilayer. The positions
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mates of the range of the thermal motion of each
fragment projected onto the bilayer normal. The second
paper (Wiener and White, 1991b) described the compo-
sition-space refinement method which enables the simul-
taneous consideration of neutron and x-ray diffraction
data in bilayer structure determination. A requirement
of the joint-refinement procedure is that the neutron
and x-ray structure factors be placed on the appropriate
absolute scales (King et al., 1985; Jacobs and White,
1989; Wiener and White, 1991b). This can be done by
analysis of diffraction data from structural isomorphs to
determine the required instrumental calibration factors
(Wiener and White, 1991c; Wiener et al., 1991).

The quasimolecular Gaussian distributions that com-
prise the structure of DOPC described in this paper
were determined by fitting simultaneously structure
factors obtained from composition-space structural mod-
els to x-ray and neutron structure factors. However, the
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transbilayer distributions of the water, double-bonds,
and terminal methyl groups used in the models were
determined independently in earlier experiments. Neu-
tron diffraction experiments using specific deuteration
yielded the water and double-bond distributions and the
neutron instrumental scale factors (Wiener et al., 1991).
The x-ray instrumental factor was obtained from experi-
ments using specifically brominated DOPC (Wiener and
White, 1991¢). Once the x-ray and neutron structure
factors had been properly scaled, the distribution of the
terminal methyl groups could be determined by a direct
real-space combination of neutron and x-ray data
(Wiener and White, 1992). The specific procedures used
to refine the quasimolecular model are described in
detail in the present paper. The resultant structure is a
fully-resolved image of a liquid-crystalline bilayer ob-
served over the long time-scale of diffraction experi-
ments.

METHODS

Joint refinement method

We have detailed the theoretical (Wiener and White, 19914, b) and
experimental (Wiener and White, 1991c; Wiener et al., 1991) methods
that are involved in the joint refinement of liquid-crystalline bilayer
structures. The input data for the structure determination are the
absolute x-ray and neutron structure factors (Wiener and White,
1991c; Wiener et al., 1991). Thermally-disordered bilayers are ade-
quately described by a series of multiatomic quasimolecular fragments
that are each represented in composition-space (Wiener and White,
1991b) by one or several Gaussian distributions

nfz) = (N,/AV'm) exp [_(z - Z,/AY]. 1)

The composition-space distribution 7,(z) is the number per unit length
or the probability of locating the center-of-scattering of quasimolecu-
lar piece i within the bilayer (Wiener and White, 1991b). The center of
the distribution is at Z; and has a 1/e-halfwidth 4. The distribution can
be viewed as the convolution of the hard-sphere or steric distribution
of the quasimolecular fragment with an envelope of thermal motion
(Wiener and White, 1991c; Wiener et al., 1991). The average distribu-
tion of matter within the bilayer is accurately represented on the
diffraction time-scale by a composition-space structure which is
mapped to neutron or x-ray scattering space by multiplication of each
quasimolecular fragment by the appropriate scattering-length by,
where j denotes neutron or x-ray scattering length,

P;(Z) = b;n(2). @)

Values of neutron scattering lengths are tabulated by Sears (1986);
x-ray scattering lengths for low-angle lamellar diffraction are given by
the atomic number multiplied by e*/mc?, where m is the electron mass
(Warren, 1969). The neutron and x-ray structure factors Fj(h) of the
model consisting of the set of p quasimolecular pieces are then given
analytically by the Fourier transform of Eq. 2 summed over all of the
pieces,

F(h) =2 2") by, exp (—(mAh/dP) - cos 2mZhid).  (3)

Quasimolecular model (parsing)

Fig. 1 depicts the quasimolecular model of DOPC and its associated
water molecules that was used in the structural determination. This
one was chosen initially because it logically identified the obvious
molecular fragments. We subsequently examined more than 30 other
parsing schemes but none of them led to successful refinements. The
general principles of parsing the unit cell into quasimolecular frag-
ments has been described elsewhere (Wiener and White, 1991b).

The methylene region (part number 2) in Fig. 1 is represented by
three Gaussians so that ten quasimolecular fragments were required to
obtain the complete structure of DOPC. Each piece requires three
parameters: position Z;, 1/e-halfwidth 4, and area N;. The water and
double-bond distributions were determined independently from neu-
tron diffraction experiments (Wiener et al., 1991) which reduced the
number of parameters from 30 to 24. The terminal methyl distribution
was determined from a direct combination of neutron and x-ray data
before the full joint-refinement (Wiener and White, 1991d) so the
parameter set was further reduced to 21. The contents of each of the
remaining pieces of the model, except for the methylene envelope,
were fixed by the parsing so that only the positions and 1/e-halfwidths
were determined during the nonlinear minimization. Specifically, the
contents of the carbonyl, glycerol, phosphate, and choline fragments
were fixed so that the number of parameters was reduced to seventeen.
The two carbonyl groups were considered as a single fragment despite
the fact that they are positionally inequivalent in crystalline and gel
phases (see e.g., Hitchcock et al., 1974; Elder et al., 1977; Biildt et al.,
1978; Hauser et al., 1981). We have considered this issue elsewhere in
the context of the double-bonds (Wiener et al., 1991) and believe that
similar arguments hold for the carbonyls; namely, the time-averaged
thermal motions associated with the L, phase obscure any instanta-
neous positional differences due to motional inequivalence.

Three Gaussian distributions were required to model adequately
the methylene region. Because the total scattering length of the three
Gaussians is known, the number of free parameters is reduced to
sixteen. Eight structure factors each were obtained from neutron and
x-ray diffraction experiments so the structure could be determined
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FIGURE1 The parsing of DOPC into the quasimolecular parts used
in the structure determination by the joint refinement of x-ray and
neutron data.
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solely from the structure factors and the previously determined water,
double-bond, and methyl distributions. We estimated previously that a
fluid bilayer yielding A, diffraction orders would require p ~ h,,,
quasimolecular Gaussian distributions to describe it adequately (Wiener
and White, 1991b). Here we have h,,, = 8 orders for both x-rays and
neutrons and p = 10 Gaussian fragments consistent with the approxi-
mation.

Structure calculation

The structure was determined by finding the set of composition-space
models that yielded the best agreement to both the neutron and x-ray
data. Nonlinear minimization with the standard Levenberg-Marquardt
algorithm (Bevington, 1969; Press et al., 1986) was carried out to
determine the parameters Z; and 4, of Eq. 3 which minimized the joint
crystallographic R-factor defined here as

R= X R, 0

j=nx

where
R = 2 |F(k)| = |3l 2 | Frn)l 5)

F?}(h) are the experimental structure factors scaled to the appropriate
relative absolute scale (King et al., 1985; Jacobs and White, 1989;
Wiener and White, 1991b; Wiener et al., 1991). All calculations were
performed on a Sun 4/110 workstation (Sun Microsystems, San Jose,
CA). A composition-space structure was judged to be satisfactory if it
provided fits to both the neutron and x-ray data sets that were below
the experimental noise or “self-R” (Wiener and White, 1991a) values
of each set. The final relative absolute self-R factors of the neutron and
x-ray data sets are 0.065 and 0.084, respectively (Wiener et al., 1991).
The robustness of the structure determination and the uncertainties in
the parameters were examined by introducing Gaussian-distributed
noise into the data sets. Each of the absolute neutron and x-ray
structure factors has an associated uncertainty which was used to
define the width of a normal distribution centered at the best value of
the structure factor. Monte Carlo methods (Press et al., 1986; Wiener
and White, 1991c; Wiener et al., 1991) were used to select mock data
from these distributions which were used as the input for the structural
calculations.

During our first modeling attempts, only the eight neutron and eight
x-ray structure factors were utilized. Structures were obtained that
adequately fit both of these data sets; however, the resultant structures
produced large higher order (h > 8) x-ray structure factors. Scaling
the composition-space fragments to x-ray scattering space and sum-
ming them to obtain an absolute x-ray density profile yielded profiles
that showed substantial high-frequency ringing. This nonphysical
behavior was due entirely to the particular form of the three-Gaussian
methylene envelope obtained by considering only the eight observed
x-ray structure factors and the eight observed neutron structure factors
in the analysis. In retrospect, the result that the particular three-
Gaussian envelopes obtained originally yielded large amplitude struc-
ture factors for & > 8 is not surprising because (@) the x-ray scattering
length of the methylenes is a significant fraction of the total scattering
of the bilayer so the methylene distribution can make non-negligible
contributions to the calculated structure factors and (b) no bounds
were introduced to constrain higher orders.

However, there is an experimental fact that can be used as a bound
on the higher orders: the failure to observe x-ray diffraction orders 4 >
8. The smallest observed x-ray diffraction intensity was used to
estimate the threshold values of possible higher-order structure factors
that were not observed. Specifically, the eighth order structure factor,

F(8), was observed in x-ray diffraction experiments with exposure
times of 24 and 120 h. The observed eighth order intensity for an
oriented sample is proportional to |F(8)[*/8, and because this order
was observed over a five-fold range of exposures, we estimated the
detectable intensity threshold of our experiments to be ~|F(8)[*/40.
Therefore, the threshold value of an x-ray structure factor F(k),h > 8,
is given by ({h - |F(8)[*/40]. Because we could only estimate the
thresholds of the possible intensities, the unambiguous selection of
phases or the use of a normal distribution with these pseudo higher
order data is not justified. Each possible 4 > 8 x-ray structure factor
can have any magnitude between zero and its threshold value and can
be of either phase. Therefore, we included five higher order (2 = 9-13)
x-ray structure factors by multiplying each of the threshold values by a
random number from a uniform distribution between zero and one
and phased them by selecting a random bit. The threshold values of the
higher orders provide a bound that constrains the behavior of the
methylene envelope. This reinforces the point that there is informa-
tion in the structure factors that are observed and also in the higher
orders that are not observed. We stress that our treatment of the
higher order x-ray data as a bound is not a truncation that forces all of
the unobserved orders to zero; setting all higher orders to zero is not
justifiable based upon the experimental data.

Two sets of structure calculations were performed. In the first
[CALC(1)], the eight orders of neutron and x-ray data were fixed at
their best values and only the five higher order (h = 9-13) x-ray
structure factors were varied randomly as just described. The results of
50 successful fits were averaged to yield the parameters characterizing
the structure; the standard deviation of each set of 50 parameter
values was used as an estimate of the parameter uncertainty. In the
second [CALC(2)], the calculation was repeated except that Gaussian
noise was introduced into observed x-ray and neutron structure factors
(h = 1-8) to obtain another fifty successful structures from which
standard deviations could be obtained for parameter uncertainties.
For the characterization of the methylene envelope that consisted of
three Gaussian distributions, real-space averaging was only used to
estimate the errors of the parameters but not the parameters them-
selves. Instead, a set of A = 1-13 structure factors were calculated for
each of the fifty successful methylene profiles and the fifty values of the
structure factor at each order were averaged. The resultant set of
averaged structure factors were then fit to a three-Gaussian envelope
in reciprocal space to determine the best set of methylene parameter
values.

As is typical for virtually all nonlinear minimization problems, the
choice of starting parameters (the initial guess) can influence the
likelihood of convergence or the particular minima sampled. Explora-
tion of starting parameter values revealed that the minimization was
quite robust. Completely arbitrary selection of starting parameters
prevented the minimization from converging; conversely, minor varia-
tion of starting values had a negligible effect on the final parameter
values. Typically, all of the quasimolecular pieces were started with the
same 1/e-halfwidth (4 A). The carbonyl and glycerol were placed at
the same position (16 A) and the phosphate and choline were placed at
the same position (20 A). The methylenes were started at positions
Z = 4,8 and 12 A and each piece started the minimization with 28/3
methylenes. Approximately 10% of the minimizations were successful;
the remainder either converged but yielded structure factors that were
not within the self-R of one or both of the data sets, or did not
converge. The calculated neutron structure factors were frequently not
within the self-R of the neutron data which we ascribe to the possibility
of inaccuracy in the measurement of the higher order neutron
structure factors. However, the total model self-R was always smaller
than the observed self-R.
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TABLE 1 Neutron and x-ray scattering lengths of the
quasimolecular fragments of DOPC (Fig. 1) that were used in
the joint refinement structure determination

Piece N by byt
CH3 2 —0.457 2.540
CH2 28 —0.083 2.257
C=C 2 0.581 3.951
COO 2 1.825 6.208
GLY 1 0.124 6.490
PO4 1 2.834 13.263
CHOL 1 -0.602 14.109
Water 5.36* —0.168 2.822

Asin Eq. 1, N is the number of each component in the half-bilayer unit
cell. The neutron (by) and x-ray (by) scattering lengths are in units of
1072 cm. 'Atomic neutron scattering lengths in units of 1072 cm are as
follows (Sears, 1986): H = —0.37390; D = 0.6671; C = 0.66460; N =
0.936; O = 0.5803; P = 0.513. *Atomic x-ray scattering lengths in units
of 107> cm at low angle are given by the electron number multiplied by
mc?/e? (Warren, 1969). *White et al. (1987)

RESULTS
Structural parameters

Fig. 1 depicts the parsing used for the quasimolecular
model of the DOPC bilayer. As we discussed in an
earlier paper (Wiener and White, 1991b) the require-
ment that a successful quasimolecular model fit two
independent sets of data strongly constrains the ways in
which the molecule can be divided. While we make no
claim that the representation of DOPC in Fig. 1 is
unique, it is encouraging that this obvious parsing is the
only one out of more than thirty attempted that ade-

quately fit both data sets. The neutron and x-ray scatter-
ing lengths of the quasimolecular fragments are listed in
Table 1 and the calculated and observed neutron and
x-ray structure factors are compared in Table 2. The
calculated absolute Fourier density profiles are com-
pared with the experimental results in Fig. 2. While both
data sets are adequately fit within their self-R values, the
largest deviation is between the calculated and mea-
sured first-order neutron structure factor. The calcu-
lated structure factor is smaller than the measured
value, and this difference is reflected graphically in Fig.
2 A by the smaller overall density fluctuation in the
calculated profile. We ascribe this disagreement as most
probably arising from inaccuracy in the determination of
the higher order neutron structure factors which in turn
affected the absolute scaling of the neutron data set.
Because the higher orders are weak, it is difficult to
measure the complete orders over the entire mosaic
spread of the oriented multilayer. The method used to
extrapolate from the portion of the reflection observed
to the entire intensity may have resulted in an overesti-
mate of the higher order values. The 28 month shut-
down of the High Flux Beam Reactor at Brookhaven
National Laboratory (Upton, New York) precluded the
possibility of improving the accuracy of the higher orders
through additional experiments. However, there are two
points to stress in the comparison of the calculated and
observed neutron structure factors. First, the overall
agreement between model and experiment is satisfac-
tory in the appropriate context of the experimental
neutron self-R of 6.5%. Second, fitting a single structural
model to two independent absolute data sets is a very

TABLE2 A comparison between the experimental and calculated relative absolute neutron and x-ray structure factors F*(h) for the observed
orders of diffraction determined for oriented multilayers of DOPC bilayers at 66% RH

h OBS! CALC(1) CALC(2) OBS! CALC(1) CALC(2)
Neutron diffraction X-ray diffraction
1 —8.00 + 0.44 -7.16 -7.16 —43.95 + 0.88 —44.04 —43.97
2 —-4.51 = 0.24 -4.40 -4.41 —0.52 (+0.52, —0.74)* —0.46 —-0.64
3 481 +0.25 4.59 4.60 5.15 + 0.80 5.31 5.34
4 -5.18 £ 0.29 -5.31 —5.36 -11.97 £ 1.29 —-12.00 -12.15
5 —-0.59 = 0.08 -0.56 -0.49 3.38 £0.32 3.56 3.77
6 0.84 = 0.11 0.84 0.80 —2.47 = 0.88 -2.59 —-2.80
7 0.0 = 0.08 —-0.01 -0.05 2.03 + 0.65 1.99 2.04
8 —0.94 + 0.14 -0.98 -0.91 -2.24 = 0.49 -1.92 -1.94
R 0.065 0.055 0.062 0.084 0.014 0.022

The two columns of calculated structure factors, CALC(1) and CALC(2), are for the two types of structure calculation performed (see text). For
CALC(1), the mean values of the experimental structure factors were fixed and only the hypothetical higher order (9 < h < 13) x-ray structure
factors were varied. For CALC(2), all of the structure factors were varied as described in the text. The calculated structure factors are for the
average structures determined from fifty successful fits. The d-spacing of DOPC at 66% RH is 49.1 = 0.3A (Jacobs and White, 1989). *Wiener et al.
(1991); *The calculated error for the second order is *0.74, which implies that F*(2) could actually be positive (—0.52 + 0.74). Because the
independent phasing of the structure factors determined the phase of the second order to be —1 (Wiener and White, 1991c), the quoted error is

reduced to indicate the exclusion of positive values of F*(2).
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FIGURE2 Comparison of observed and calculated eight-order abso-
lute scattering length density profiles. The units, scattering length per
unit length, are dimensionless and the density scale is multiplied by
10%. The solid lines are the calculated profiles and the curves with
shading show the experimentally determined profiles including experi-
mental error. (4 ) Neutron density profiles. (B) X-ray density profiles.
The ordinate values for x-ray data, without the 10* factor, can be
converted to electron density (e/A%) by dividing by 16.73. This factor
includes the 10* factor, e*/mc® to convert from scattering length to
electrons (Warren, 1969), and the lipid area of 59.3 + 0.7 A? that was
previously determined (Wiener and White, 1992).

rigorous test of experimental accuracy. The result that a
satisfactory composition-space structural model was ob-
tained that satisfied neutron and x-ray data that were
acquired by several people using many different samples
over the course of several years is very encouraging to us.
Our general experience with the stringency of the
refinement shows the importance of accurate structure
factor determination.

The complete structure of DOPC at 66% RH is shown
in Figs. 3 and 4. Fig. 3 4 depicts the structure excluding
the headgroup (phosphate and choline) and water
distributions. Fig. 3 B shows the headgroup and water
distributions and the overlap with the methylene distri-
bution. Fig. 4 shows two bilayer leaflets head-to-head
with the water, phosphate, choline, glycerol, and car-
bonyl fragments indicated. The composition-space pro-
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FIGURE3 Composition-space structure of DOPC. (4) The pieces
corresponding to the bilayer interior: methyls, methylenes, double-
bonds, carbonyls, and glycerol backbone. (B) The headgroup region:
phosphate, choline, and water. The methylene region is also indicated.

files presented are the average of fifty successful struc-
tures obtained by introducing the appropriate noise into
all of the data as discussed in the previous section. The
parameters of the structure are tabulated in Table 3

NUMBER

DISTANCE FROM HC CENTER ()

FIGURE4 Composition space structure of two apposed DOPC leaf-
lets. The overlap of the cholines, and to a lesser extent of the
phosphates, is clearly indicated. Water is seen to penetrate the bilayer
to the extent of the glycerol backbone fragment.
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TABLE3 Quasimolecular parameters characterizing the
structure of DOPC at 66% RH at 23°C

CALC(1) CALC(2)

Piece Mean +SD Mean +SD
Zews 0.0
Ags* 2.95 0.28
Zew 297 0.79 2.95 0.77
A 2.74 0.80 2.84 0.63
N 2.74 3.14 3.67 2.64
A 5.86 1.63 6.09 1.43
Ao 4.21 0.90 3.88 1.04
Noan 8.51 243 7.18 2.58
A 12.85 0.57 12.76 0.59
Ao 5.14 0.39 5.19 0.45
Nocwa 16.75 2.32 17.15 2.51
Zo 7.88 0.09
Acc 4.29 0.16
Zoo 15.97 0.02 15.99 0.06
Acoo 2.73 0.05 2.77 0.12
Zsive 18.67 0.38 18.67 0.42
AgLyve 2.37 0.31 2.46 0.38
Zpos 20.19 0.08 20.15 0.13
Apos 3.08 0.08 3.09 0.16
Z oL 21.89 0.13 21.86 0.22
Aol 3.48 0.55 3.48 0.52
Zyarer' 22.51 0.77
Awater 4.63 0.48

As in Table 2, the results for the two types of structure calculation
described in the text, CALC(1) and CALC(2), are presented. The
subscripts identifying the pieces correspond to those in Fig. 1. The
symbols i, m, and o used with the methylene (CH2) fragments denote
inside, middle, and outer with respect to the bilayer center. *Deter-
mined from a direct combination of the neutron and x-ray data prior to
the full-joint refinement (Wiener and White, 1992). *Determined from
neutron diffraction experiments prior to the full joint refinement
(Wiener et al., 1991).

where we include the results of both sets of calculations:
CALC(1) for which the neutron and x-ray structure
factors were fixed at their mean observed values for & =
1-8 while varying the putative 9 < A < 13 x-ray
structure factors using uniform random numbers and
CALC(2) for which all structure factors were varied
using normally distributed random numbers except for
9 < h < 13 which were varied as in CALC(1). As
expected, the uncertainties are somewhat larger when
all of the data have noise introduced. Our subsequent
discussion will utilize this latter structure [CALC(2),
Table 3]. Based upon model calculations (Wiener and
White, 1991a), the quasimolecular fragments that make
the largest contributions to the total scattering are most
accurately determined in the structure determination.
This prediction is verified by the present results. The
major contributors to x-ray and neutron scattering,
respectively, are the phosphate and carbonyl regions
and these are seen in Table 3 to be determined most
accurately. The sensitivity limit of the structure determi-

nation is approximately that of the glycerol backbone
which makes minor contributions to both the x-ray and
neutron scattering.

The methylene distribution presented a slightly dif-
ferent situation in the analysis. A three-Gaussian enve-
lope was required, where only the total number of
methylenes (28) was constrained. Because we only
constrained the total area of the envelope, the set of
three-Gaussian profiles that yield the envelope is degen-
erate so that the individual constituent Gaussians have
no unique physical meaning. The conserved unique sum
of the Gaussians representing the long time-averaged
shape of the methylene envelope is meaningful, how-
ever. Fig. 5 shows the real-space average of the fifty
methylene profiles for a single lipid determined during
the refinement; the conservation of the shape of the
total methylene envelope demonstrates the robustness
of the result. Although the methylene region contributes
a major fraction of the total x-ray scattering, it is spread
out over a wide range so its effective contribution is
reduced. While the contribution of a quasimolecular
fragment to a structure factor is proportional to its total
scattering length, the width of the distribution appears
as an exponential factor that dominates the structure
factor amplitude (Eq. 3).

We have previously examined the issue of the resolu-
tion of quasimolecular models used in liquid-crystalline
bilayer structure determination (Wiener and White,
1991a). While carrying out model calculations, we ob-
served that the resolution obtainable from modeling
decreases at the edges of the unit cell. Conversely,
variation in the position of a quasimolecular fragment
near the edge of the unit cell has less of an influence on
the structure factor than variation at other positions in

2.0 .

NUMBER
>
T
:

DISTANCE FROM HC CENTER (&)

FIGURE5S Composition-space averaged methylene envelope. Al-
though the three-Gaussian basis set that comprises the methylene
distribution is degenerate, the resultant sums of the three Gaussians
are conserved.
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the unit-cell interior. This effect was observed in the
joint refinement of DOPC. Many of the fits that con-
verged but yielded errors above the observed self-R
value of the neutron data placed the glycerol and/or
choline fragments close to or at d/2, where d is the
lamellar repeat of 49.1 = 0.3 A (Jacobs and White,
1989). Also, there were a small number of structures
that fit both sets of data satisfactorily but positioned the
glycerol fragment at or near d/2. We introduced a single
structural constraint to filter out this anomalous result.
If a composition space structure provided a successful fit
to both neutron and x-ray data, the difference between
the positions of the glycerol and carbonyl pieces was
calculated. If this difference was greater than or equal to
5 A, a limit estimated from CPK molecular models, then
the structure was not considered successful and was
discarded. Only ~ 10% of the structures that fit both sets
of data had this feature of a nonphysical carbonyl-
glycerol separation; except for this sole distance con-
straint, the structure determination was a completely
free fit.

Bilayer undulations

We have assumed in the quasimolecular modeling that
the 1/e-halfwidths of the Gaussians are due only to
thermal fluctuations relative to a bilayer’s mean posi-
tion. This will be true only if there are no whole-body
fluctuations of the individual bilayers. This assumption
is not valid for liquid crystalline systems with very
flexible lamellae as shown elegantly by Smith et al.
(1987), Sirota et al. (1988), and Safinya (1989). Depend-
ing upon their elastic properties, the lamellae may
undergo undulations which result in fluctuations around
the mean positions with mean-square amplitude (u?).
Therefore, it is important to consider the possibility of
contributions to the Gaussian envelopes from these
motions in our system. The mean-square amplitude of
the undulatory fluctuations is given by

(?) = d*n, In (L/a)/2%?, )

where d is the bilayer repeat, L the characteristic
thickness of the sample, and a the in-plane interparticle
distance (Sirota et al., 1988). The parameter m, de-
scribes the stiffness of the membrane and may be
determined from the lineshapes of the diffraction peaks.
Smith et al. (1987) have examined the line shapes for
diffraction peaks from L -phase dimyristoylphosphatidyl-
choline (DMPC) at 90% RH and determined that
1, = 0 but could not rule out a value as large as 0.0016
because of experimental uncertainty based upon the 4 =
8 diffraction peak. We can therefore establish an upper
limit for (u?) for our experiment. Usingd = 49.1 A, L =
10 pm (Wiener and White, 1991c), and a = 8.7 A

(estimated from m(a/2)* =S = 59.3 A’ [Wiener and
White, 1991d)), Eq. 6 yields (u?) = 1.8 A’oru,,, = 1.4 A.
For comparison with our data, we use the undulatory
1/e-halfwidth A, = y2 - u,,, = 2.0 A. We emphasize that
this is an upper limit. Because our measurements were
made at a lower relative humidity than those of Smith et
al. (1987), we expect m, to be smaller than this.

To compare this estimate with our results, consider
the halfwidth of the glycerol fragment which has the
smallest halfwidth observed (A = 2.46 A, Table 3).
Using the approximation A, yc = (A} + A%) discussed
elsewhere (Wiener and White, 1991c; Wiener et al.,
1991), we estimate that the halfwidth of the thermal
envelope A, = 1.5 A for an effective hard-sphere radius
A, = 2.0 A. A; thus has a value comparable to the
estimated upper limit of 4, However, it seems very
unlikely to us that the motion of the glycerol is due solely
to undulatory motion. This would require the glycerol to
be at rest relative to the bilayer which is inconsistent
with DOPC being in a fluid state. But what portion of A,
might be due to the whole-body undulations? This can
be addressed by considering the x-ray crystallographic
Debye-Waller factors (U,,) for the crystal structure of
dilauroylphosphatidylethanolamine (DLPE) determined
by Elder et al. (1977). The values of U,, for the acyl
chain carbons yield 1/e-halfwidth values of A, = 0.4 A
for the C(2) carbons and 0.7 A for the terminal methyls.
Neutron diffraction measurements on specifically deuter-
ated dipalmitoylphosphatidylcholine (DPPC) in the L,
phase, which should be stiffer than the L, phase, yield
1/e-halfwidths of 1.3 = 0.6 A for the C(2) carbon on the
acyl chain in the 1 position and 3.0 = 0.6 A for the CH,
adjacent to the N(CH,), group (Biildt et al., 1979).
Synchrotron x-ray reflectivity studies of the air/water
interface yield surface roughness factors from which A4,
for water molecules is calculated to be 4.0 A (Als-
Nielson, 1987). Similar measurements for eicosanoic
acid monolayers at the air/water interface (area/
lipid = 22.7 A?) yield A, = 4.1 A (Als-Nielson and
Kjaer, 1989). Given these values compared to that for
the glycerol in fluid DOPC, it seems unlikely that
whole-body undulations make a significant contribution
to A,. We therefore suggest that m, is likely to be
considerably smaller than its estimated upper limit and
that the motions we observe are due almost entirely to
thermal motions relative to the mean position of the
bilayer.

DISCUSSION

General structural features

The structure of liquid-crystalline L -phase DOPC at
66% RH (5.4 waters/lipid) shown in Fig. 3, Fig. 4, and
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Table 3 is the complete and fully-resolved image of the
bilayer as seen over the diffraction time-scale. The
combination of the two independent x-ray and neutron
data sets precludes the necessity of copious specific
deuteration that was previously required for detailed
determination of structural features by neutron diffrac-
tion (Biildt et al., 1978, 1979; Zaccai et al., 1979). The
image of the bilayer obtained is consistent with the
wealth of information gathered over the past decades by
spectroscopic and structural methods. Importantly, how-
ever, the structural image obtained here is based entirely
upon the absolute neutron and x-ray structure factors.

Fig. 6 depicts a space-filling representation of a
conformation of DOPC produced using molecular graph-
ics software (BIOGRAF by Molecular Simulations, Inc.,
Sunnyvale, CA) that is consistent with the positions Z; of
the quasimolecular fully-resolved structure. Although
the structure determined by the joint refinement is the
average over a large number of conformations, we
include Fig. 6 to demonstrate that the positions of the
composition-space quasimolecular fragments are consis-
tent with a reasonable structural image of a fluid bilayer.
What the static picture in Fig. 6 does not convey is the
range of motion of each of the quasimolecular groups
arising from the high thermal disorder of the L, phase.
The actual ensemble of molecular conformations yields
the composition-space envelopes that we obtained.

An approximate average tilt-angle of the phospho-
choline dipole with respect to the bilayer surface can be
estimated from the distance between the centers of the
phosphate and choline pieces along the bilayer normal.
Assuming that the phosphorus and nitrogen atoms are
the centers-of-scattering of each of these roughly spheri-
cal fragments and a phosphate—nitrogen distance of 4.5
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FIGURE 6 A space-filling representation of a DOPC conformer that
is consistent with the quasimolecular structure obtained by the joint
refinement procedure. The image was made with BIOGRAF (Molecu-
lar Simulations, Sunnyvale, CA) on a Sun 4/110 workstation.

A obtained from the crystal structure of DMPC (Hauser
et al., 1981), the dipole is calculated to be canted with an
angle of 22 + 4° with respect to the bilayer surface. This
compares favorably with the values obtained from crys-
tal structures (Hauser et al., 1981) and neutron diffrac-
tion of oriented multilayers (Biildt et al., 1979) and is in
reasonable agreement with the recent value of 18°
obtained from *H-NMR and Raman spectroscopic stud-
ies of L -phase DPPC (Akutsu and Nagamori, 1991).

In bilayers at reduced hydration, steric factors are
believed to play a major role in interbilayer interactions
(McIntosh et al., 1987). Fig. 4 shows clear. evidence of
steric effects between apposed bilayers at the moderate
hydration of our experiments. There is significant over-
lap between the choline distributions and, to a lesser
extent, between the phosphate distributions of the two
head-to-head bilayer leafiets. In projection, there are
regions of space that are accessible to both headgroups,
i.e., the position of the headgroup of one bilayer can
affect or exclude the other’s position. A question of
obvious interest is how this steric interaction, clearly
seen as an overlap of apposed headgroups in Fig. 4, will
change as the hydration level increases. Determining
fully-resolved structures over a range of hydration will
provide valuable information on this issue and others
pertaining to the hydration force (McIntosh and Simon,
1986; Rand and Parsegian, 1989).

Thermal motion

Because the real-space image is physically meaningful,
there is useful and interesting information in the widths
of the Gaussian distributions that characterize each
quasimolecular fragment. The positions of the distribu-
tions denote the most likely place to locate the center of
scattering of each fragment whereas the widths describe
the range of thermal motions projected onto the bilayer
normal assuming undulatory motions are insignificant in
our system (see Results). The 1/e-halfwidth A; of a
quasimolecular Gaussian fragment can be viewed as the
convolution of a hard sphere of van der Waals radius 4,
located at Z; with a Gaussian envelope of thermal
motion describing the range over which that piece moves
within the bilayer. As discussed earlier in Results, the
observed 1/e-halfwidth is given approximately by
(A% + A%)"*where A, describes the envelope of thermal
motion. Because of the approximate nature of this crude
expression and the ambiguity in estimating hard-sphere
widths of each of the quasimolecular fragments, we do
not explicitly repeat the calculation for all of the
fragments.

The narrowest thermal distribution is that of the
glycerol region (Ag,yc = 2.46 = 0.38 A, Table 3). The
1/e-halfwidths of the quasimolecular pieces on either
side of the glycerol backbone increase as shown graphi-
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cally in Fig. 3 4 (see also Fig. 8 4). The general image is
a gradient of thermal motion within the interface zone in
which the regions bounding the relatively rigid glycerol
backbone undergo increasing ranges of motion that are
roughly proportional to the distance from the glycerol
fulcrum. This is consistent with NMR results (Strenk et
al., 1985; Braach-Maksvytis and Cornell, 1988) and
crystallographic measurements (Hitchcock et al., 1974;
Elder et al., 1977) which indicate that the glycerol
backbone is the most rigid portion of glycerophospho-
lipid molecules in liquid-crystalline phospholipid bilay-
ers. It is interesting in this context that the glycerol
region is at the extreme boundaries of both the methyl-
ene (Fig. 3 4) and water distributions (Fig. 4) and thus
marks the water-methylene interface (see also Fig. 9).
The net thermal motions within the hydrocarbon region,
compared to the interface zone, are qualitatively dif-
ferent in that the 1/e-halfwidth of the terminal methyl

roups (2.95 A) is about the same as the carbonyl (2.77

) or phosphate groups (3.09 A) whereas the width of
the double-bond distribution is significantly larger (4.29
A). This apparent violation of the notion of a gradient of
thermal motion may be explained if one treats the
flexible acyl chain as being tethered at one end to the
interface by the carbonyls and at the other end to the
bilayer center by the terminal methyls. Because the
half-thickness of the hydrocarbon is considerably shorter
than the length of the fully extended chain, the tethering
would permit the double-bonds to diffuse over a rela-
tively large volume of space. It would also permit some
of the methylenes to venture beyond the C(2) carbons
into the interfacial zone (vide infra).

A stringent refinement test

A possible use of the structures determined by the joint
refinement is to attempt to determine the precise
distribution of physical and chemical properties across
the bilayer. Just as the composition-space Gaussians
that comprise the structure can be mapped into x-ray or
neutron scattering space, they can in principle be mapped
into the space of any other intensive thermodynamic
quantity (Wiener and White, 1991b). This general idea
can also be used to estimate the cross-sectional area S(z)
of the lipid at each point z in the bilayer. If the data are
perfect, and if the CH, volume is independent of
position, then this area function must be independent of
z (i.e., constant). Scaling the quasimolecular distribu-
tions n,(z) (units of number per unit length) that com-
prise the composition-space structure by their respective
molecular volumes V, yields the cross-sectional area
S@),
P

2@V =5@) =S, ™

Because S(z) must be constant across the bilayer, this
calculation provides a stringent overall test of the data
used in the quasimolecular model.

We calculated S(z) from Eq. 7 using the average
composition-space structure [CALC(2)] whose parame-
ters are given in Table 3. The quasimolecular volumes V
were derived from our analysis and from results in the
literature. The volumes of methyls and methylenes are
54 and 27 A’, respectively (Tardieu et al., 1973; Nagle
and Wiener, 1988; Wiener and White, 1992). The
volume of each double-bond, which can be obtained by
examining alkene volumetric data (Requena and Hay-
don, 1975), is 43 A’. Small (1967) estimated that the
phosphocholine moiety has a volume of 204 A’. Because
the 1/e-halfwidth of the phosphate is comparable to its
van der Waals radius, implying a limited range of
thermal motion, we chose to use the volume of lithium
phosphate, 70 A* (Weast, 1981), as an estimate for the
phosphate volume. We note that if phosphoric acid is
used as the basis for a volume estimate, then the
phosphate volume increases by approximately 20 A® but
the overall S(z) profile is negligibly affected. The choline
volume is then 134 A’. Nagle and Wiener (1988)
estimated the combined volumes of the phosphocholine,
carbonyls, and glycerol backbone to be 348 A’. Com-
bining this volume with Small’s result yields a combined
volume of the carbonyls and glycerol equal to 144 A
Our results on the composition-space glycerol distribu-
tion indicate that it is a fairly rigid portion of the lipid
molecule so we approximate its volume as the sum of
three methylene volumes where the volume of methyl-
enes in the phospholipid subgel phase, 24 A’ (Nagle and
Wiener, 1988), is used. Subtracting the glycerol volume
of 72 A® leaves a carbonyl volume of 72 A® (36 A’ per
carbonyl). Finally, each water molecule has a volume of
30 A, The sum of the volumes of the individual pieces,
excluding water, is equal to 1,298 A3. Our measurement
of the absolute specific volume of DOPC (Wiener and
White, 1992) yields a DOPC volume of 1,295 A’ which is
in good agreement with the derived volume.

We calculated S(z) at 0.5 A intervals by means of Eq. 7
using the volumes described above and the structural
parameters from Table 3 for the CALC(2) calculation.
The average value of S(z) is 59.4 A? which compares
favorably with S, = 59.3 = 0.7 A? determined by Wiener
and White (1992) from specific volume measurements.
However, as shown in Fig. 7, S(z) is clearly not invariant
with respect to z. The standard deviation of S(z) over the
bilayer half is +4.4 A? corresponding to apparent varia-
tions of ~15% in the cross-sectional area. This varia-
tion, seen directly as the peaks and troughs in Fig. 7, is
probably due to the uncertainties in the higher order
neutron structure factors discussed earlier. Although we
cannot absolutely rule out the possibility that the varia-
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FIGURE7 Area per lipid [S(z)] as a function of position z. Eq. 7 was
used with values of the constituent fragment volumes from the
literature (see text) to calculate this profile. The horizontal line is the
value of S, determined from volumetric and hydration measurements
(Wiener and White, 1992). As discussed, the positive and negative
area fluctuations of S(z) about the experimentally determined value of
S, correspond to apparent volume fluctuations of ~ +40 A, which is a
small fraction of the total volume of the unit cell (1,456 A%). These
apparent fluctuations are indicative of uncertainties in the high-order
neutron data and illustrate the stringency of S(z) as a test of the data.

tion in S(z) might be due to a dependence of CH,
volume on position along the chain (Small, 1986), we
think this is unlikely. In any case, this calculation
indicates that the physical requirement that S(z) be
invariant with respect to z is a very stringent one. The
uncertainties implied by these variations should, how-
ever, be considered in the proper context. The peaks and
troughs in Fig. 7 represent positive and negative varia-
tions of the cross-sectional area S(z) from its average
value. Integrating each of these regions with respect to
the baseline value of the average area (59.4 A2, solid line
in Fig. 7) yields volumes of = +40 and —40 A’ respec-
tively. Forty cubic A is less than the volume of two
methylenes (Vg = 27 A’) and is a small fraction of the
total volume (1,456 A%) of the half-unit cell. A slightly
different set of absolute x-ray and neutron structure
factors could yield a slightly different methylene enve-
lope that flattens out this feature in the S(z) profile.
Future experiments will eliminate this variation, indi-
cate that the result presented here are at the limits of
current experimental accuracy, or possibly reveal varia-
tions of CH, volume along the acyl chain. This study has
repeatedly demonstrated to us that the joint refinement
approach relies strongly on the accuracy of experimental
data to an extent not previously anticipated nor utilized
in most membrane diffraction studies. The obverse of
this statement is that the joint refinement yields struc-
tural information at a level that has heretofore been
quite inaccessible.

Volumetric measures of bilayer
thickness

Useful bilayer thickness information has been obtained
in the past by using simple equations which use density
and volume data to calculate the thickness of a uniform
slab of bilayer material. Given S, (the area/lipid), the
equivalent-slab thickness of a component(s) of the
bilayer of molecular volume V is V/S, The several
methods of this type which are in common use make
various assumptions about which parts of the lipid
molecule are included in V for the calculation of a
bilayer thickness. Small (1967) excluded the phospho-
choline group to obtain a lipid thickness d; of egg
lecithin bilayers assumed to be equivalent to a slab of 2
diacylglycerols. Luzzati and his co-workers (Luzzati and
Husson, 1962; Luzzati, 1968) included the entire phos-
pholipid molecule to arrive at a bilayer thickness d,.
Nagle and Wiener (1988) extended these slab models to
include phospholipid bilayers under a variety of physical
conditions to obtain, among other parameters, the
idealized hydrocarbon thickness 2D which is calculated
from the volumes of the acyl chains excluding the
carbonyl groups. If the average widths of regions of the
bilayer obtained from simple volumetric formulae corre-
spond to positions of quasimolecular fragments ob-
tained from joint refinement, then these volumetric
methods could be utilized in future studies to constrain
further the joint refinement procedure.

To examine this possibility, we calculated the various
thicknesses and found that (d,/2) = 18.4 = 0.2 A and
(d,/2) = 21.8 = 0.2 A which are close to the positions
(Table 3) of the glycerol and choline, respectively.
Interestingly, the mean of (d,/2) and (d,/2) is 20.1 A
corresponding closely to the position of the phosphate
group. These various correlations are shown graphically
in Fig. 8 4. While we do not know if these correlations
will be observed at other hydrations or for other lipids,
the results are encouraging. Furthermore, they make
sense within the context of the assumptions underlying
the slab-boundary calculations and thereby give further
credence to our determined structure.

Headgroup—hydrocarbon boundary

In the absence of other structural information, the
boundary between hydrocarbon and headgroups has
generally been taken as the edge of the equivalent slab
comprised of the acyl chains beginning with the C(2)
carbons (Requena and Haydon, 1975; Lewis and Engel-
man, 1983; King et al., 1985; White and King, 1985;
Scherer, 1989) so that the hydrocarbon thickness (2D)
calculated in the manner of Nagle and Wiener (1988)
was assumed to mark the positions of this boundary. The
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FIGURE8 Comparisons of volumetric structural features with the
refined quasimolecular structure of a DOPC bilayer. (4 ) Comparison
of the Luzzati (1968) d, and Small (1967) d, values of bilayer thickness.
These two thicknesses correspond to the transbilayer separations of
the choline and glycerol groups respectively. The mean of d, and d;
corresponds to the transbilayer separation of the phosphate groups.
(B) The equivalent hydrocarbon slab (shaded area) of thickness 2D
superimposed on the quasimolecular structure. The edges of the slab
correspond to the positions of the carbonyl groups.

equivalent hydrocarbon slab of thickness 2D has been
superimposed on the quasimolecular model in Fig. 8 B
and it can be seen that the slab edges correspond rather
precisely to the positions of the carbonyl groups. Assum-
ing the volumes of the methylenes, double-bonds, and
methyls to be 27, 43, and 54 A’ respectively, D, is found
tobe 16.0 = 0.2 A compared to Z¢,, = 15.99 + 0.06 A.
The mean position of the carbonyls is the most
accurately determined position of the quasimolecular
model because it is the most strongly scattering feature
in neutron diffraction experiments. Because the mean
position of the C(2) carbons is constrained by the
covalent carbonyl-C(2) bond not to exceed 1.54 A, the
measurement of King and White (1986) which places the
position of the C(2) carbons atz = +13.8 = 0.25 A or 2.2
A from the carbonyls is probably in error by ~—0.7 A.
Although the precise separation between the carbonyl
and C(2) is thus uncertain, it is reasonable to assume

that the average position of the C(2) is on the hydrocar-
bon side of the carbonyl rather than the phosphorylcho-
line side. This suggests that the average direction of the
axis through the -O-CO-CH,- segments will tend to be
parallel to the bilayer normal causing the C=0 bond to
tend to be parallel to the bilayer plane. This general
arrangement has been observed in oriented L -phase
dimyristoyl- and dipalmitoylphosphatidylcholine multi-
layers by Hiibner and Mantsch (1991) by means of
FT-IR spectroscopy. Those authors also reported, how-
ever, that the orientations of the ~-O-CO-CH,- seg-
ments at the sn-1 and sn-2 positions were different but
our structure provides no information on this point.

Although the positions of the carbonyls mark the
hypothetical hydrocarbon slab boundaries, such bound-
aries belie the chaotic nature of the interface and, in
reality, do not apparently include all of the methylenes.
The average number of methylenes extending beyond
the slab edges is equal to the area between the methyl-
ene envelope and slab boundary in Fig. 8 B which is 3.7
or about two methylene groups per hydrocarbon chain.
Interestingly, this number is about equal to the average
number of methylenes one expects to be exposed to
water when the area per lipid increases from 40 A% in the
crystalline all-trans state to 60 A? in the L, phase.
Aveyard and Haydon (1965) estimated the cross-
sectional area of a single methylene group projected
onto a plane interface to be 6 A so that an excess area of
20 A’ corresponds to about 3.3 methylenes. Because the
average position of the C(2) carbons is displaced from
the carbonyl in the direction of the bilayer center (King
and White, 1986), these methylenes cannot be attributed
entirely to the C(2) carbons and must therefore gener-
ally be from more distant carbon positions. This observa-
tion would seem to place definite constraints on the
allowable chain conformations and is consistent with the
idea mentioned earlier that the chains may behave as
though they are tethered at each end.

Bilayer thickness dynamics and
permeability

We believe that the most important observation of this
work is the extent of the transbilayer thermal motion of
the quasimolecular fragments which must be taken as a
fundamental property of fluid bilayers. There is signifi-
cant overlap between the distributions that comprise the
bilayer so that various regions of the bilayer, such as the
headgroup/water interface, consist of a dynamic mixture
of components with very different physical and chemical
properties (Jacobs and White, 1989). The static image of
the bilayer implicit in slab representations can now be
replaced with a realistic dynamic image. This image
allows one to think more clearly about the problem of
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how molecules in the aqueous phase can penetrate the
bilayer. Because of the thermal motion, there can be a
higher probability of polar molecules such as water
penetrating, at least transiently, deeper into the hydro-
carbon core than expected on the basis of slab models.
This means that the thickness of the bilayer is dynamic
with respect to the transbilayer separation of water. This
situation is shown in Fig. 9 where we have plotted the
distributions of the methylenes, glycerols, double bonds,
and water. An important feature of this plot is the small
but significant overlap of the water and double-bond
distributions indicated by the vertical lines. This overlap
suggests to us that there must be transient contacts
between the double-bonds and water which may play a
role in water permeation of the bilayer. Petersen (1983)
has inferred from permeability studies of black lipid
films that a single unsaturated bond dramatically in-
creases the solubility of water suggesting an association
of water with double bonds. Noting in Fig. 9 that there is
a small overlap of the double-bonds at the bilayer
center, we can speculate that the double bonds might
ferry water across the bilayer.

If one takes the maximum extent of water permeation
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FIGUREY Illustration of the methylene/water boundary and the
dynamic thickness of a fluid bilayer. The glycerol groups precisely
mark the water/methylene boundary for DOPC at 66% RH. The large
arrow indicates the minimum instantaneous thickness of the bilayer
taken as the transbilayer separation of the extreme edges of the water
distributions defined by their intersections with the double-bond
distributions. This thickness we define as the dynamic thickness. Here
it is 28.6 A which is several A smaller than the equivalent hydrocarbon
slab thickness (Fig. 8 B). However, as the hydration of the bilayer
increases, the dynamic thickness is expected to decrease dramatically.
Notice that thermal motion causes a small but significant overlap of
the water and double-bond distributions. Petersen (1983) has inferred
that a single double-bond dramatically enhances water solubility in
hydrocarbons suggesting the possibility of a “ferry” mechanism for
water transport. The thermal motion and chemical heterogeneity of
the bilayer characterized by the widths and overlaps of the various
quasimolecular-fragment Gaussians make it easier to understand how
relatively polar molecules may be able to penetrate and cross the
bilayer.

into the bilayer as a measure of the minimum transient
thickness (which we shall call the dynamic thickness) of
the bilayer, the large arrow in Fig. 9 shows that the
effective thickness of the hydrocarbon core can be less
than 28.6 A compared to the 32 A slab thickness where
28.6 A is determined by the crossover points of the
double-bond and water distributions. Although a 3-4 A
difference is not large, it is important to remember that
the hydration of our lipids is relatively low. As the
hydration is increased, the mean bilayer thickness will
decrease and the thermal motion will increase. For
DOPC in excess water, S, increases to 70 A2 (Gruner et
al., 1988) causing 2D, to decrease to 27 A. We have been
able to observe no more than five diffraction orders from
DOPC under these conditions. Using our rule of thumb
that the typical full-width of a quasimolecular fragment
isd/h,,, (Wiener and White, 1991a), we can expect the
width of the distribution of the double-bond to increase
from ~8 A to 12 A or more depending upon the amount
of simple thermal motion relative to the undulatory
motion which may be present (see Results). We specu-
late that there will be a concomitant increase in the
width of the water distribution leading to a dynamic
thickness considerably smaller than the static one. It
would thus appear that for dynamic processes, the
effective thickness of bilayers may be much smaller than
slab models would indicate.

Epilog

The utility of combining the independent information
from neutron and x-ray scattering has long been estab-
lished in small-molecule (Coppens, 1967, 1974) and
protein (Norvell et al., 1975; Wlodawer and Hendrick-
son, 1982) crystallography. This approach has also been
used in structural studies of liquids (Bartsch et al., 1986;
Bertagnolli et al., 1988) and glasses (Keen and Mc-
Greevy, 1990). A recent paper by Vaknin et al. (1991)
demonstrates a useful role for the joint application of
neutron and x-ray reflectivity data in the analysis of lipid
monolayer structure. Although the joint use of neutron
and x-ray diffraction in membrane diffraction has been
considered by earlier authors (Kirschner et al., 1975;
McCaughn and Krimm, 1982; Herbette et al., 1985), its
general application to the solution of bilayer structure
has required the systematic re€xamination and further
development of theoretical and experimental bilayer
diffraction methods (Wiener and White, 1991a—c, 1992;
Wiener et al., 1991). We believe that these methods of
liquid crystallography may prove to be generally useful
in the determination of fluid membrane structure. We
speculate that as the method is extended to phospholip-
ids at high hydrations, very significant increases in
transbilayer thermal motion and equally significant
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decreases in the dynamic thickness of bilayers will be
observed. If this speculation proves to be true, it may
become easier to understand how seemingly difficult
processes such as the transport of proteins into and
across membranes can occur.
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